etal cardiac anomalies are among the hardest anomalies to characterize in utero and range from simple cardiac lesions to lesions involving complex morphological derangements and associated flow abnormalities. Multifactorial in origin, some of these defects have a clear genetic basis; however, it is well recognized that some are affected by flow patterns through the developing heart and evolve throughout gestation.
3D models (Figure [A] ). Characteristics of hypoplastic left heart syndrome, including an under-developed ventricle and hypoplastic aorta, can be visualized in the abnormal case of Figure [A] . Purposeful alteration of the virtual model was done to increase the wall size and add barbed connectors to create an anatomically realistic, 3D printed (resolution=0.025 mm) flow model for 4D flow MRI (Figure [B] ). Volumetric flow A, Virtual fetal heart model (scale in cm) obtained from a fetal echocardiogram showing the anterior view of the normal (i) and abnormal heart (ii). The posterior view of the abnormal (ii) shows the hypoplastic left heart syndrome. B, Three-dimensional (3D) printed flow models of the normal (i) and abnormal (ii) fetal heart for 4D flow magnetic resonance imaging (MRI). Purposeful alteration of the virtual 3D models was done to increase wall size and add barbed connectors to create a flow model for 4D flow MRI. C, Visualization of blood flow through velocity streamlines (m/s) from 4D flow MRI of the normal heart model. Fluid accelerates as it leaves the inferior vena cava (IVC) and forms a vortex of decelerating fluid in part of the right atrium (RA), consistent with well-understood flow patterns (bottom inset). A preferential flow path from the superior vena cava (SVC) and IVC to the pulmonary artery (PA) inlet and through the ductus arteriosus (DA) is observed and denoted by the dashed line. The upper inset shows the top view where the aorta (A) ascends and descends over the PA. Velocity increases in the main PA and before the PA bifurcation (white arrow), consistent with the PA anatomy. D, Visualization of blood flow through velocity streamlines (m/s) from 4D flow MRI of the fetal heart with hypoplastic left heart syndrome. Streamlines are less defined and there is a prominent low-velocity vortex seen in the mid-cavity region of the right ventricle (RV; inset). Velocity increases in the main PA and before the PA bifurcation (white arrow), consistent with the normal flow acceleration across the pulmonary valve. Overall, higher velocities correspond with the characteristics of hypoplastic left heart syndrome. E and F, Results from computational fluid dynamic simulations of the normal (E) and abnormal (F) fetal heart models. Boundary conditions were based on the average flow distributions from MRI and created similar velocity values. LPA indicates left pulmonary artery; LPV, left pulmonary vein; RPA, right pulmonary artery; and RPV, right pulmonary vein. through each vessel was measured in mL/min by placing a plane through each cross section and was consistent with conservation of mass. Unique flow patterns were seen in both models and agree with previously understood circulation patterns, such as the preferential flow of superior vena cava and systemic venous inferior vena cava blood across the tricuspid valve into the right ventricle ( Figure [C and D] ). 5 Velocities, vortices, and complex distributions were visualized using 4D flow MRI on both models (Figure [C  and D] ). In this preliminary study, good agreement in velocity patterns was found between computational fluid dynamics simulations and 4D flow MRI ( Figure [E  and F] ). We plan, as part of future studies to validate this technique by including the ductus venosus to reproduce normal circulation and study the impact of abnormal connections on intracardiac flow patterns. Assuming all resources (ultrasound, 3D printer, MRI scanner, and pump) are available, this process could be completed within 2 weeks, making it compatible with the current standard of care follow-up of the mother. Although at an early stage, 2 gestational ages were used to show the potential applicability of this technique to multiple cardiac anomalies.
Although a rigid and open-heart model, this preliminary technique introduces a novel way of using previously studied modeling techniques to create a patient-specific, virtual and physical 3D model for intracardiac flow pattern estimation at a low manufacturing cost and no extra patient time. Once the 3D models are verified by inclusion of the ductus venosus, this technique will be valuable for parents to understand complex cardiac anomalies by viewing it in a physical, 3D format. On further validation, the future value of this technique is in providing an in vitro patient-specific model to study alternations in flow dynamics in complex heart defects and possibly aid in our understanding of their evolution. It also has potential benefit in parental counseling in some complex heart defects, such as heterotaxy or forms of double right ventricle, where intracardiac streaming is important in surgical decisions. Introducing 3D modeling and 4D flow MRI into the realm of fetal life has potential future benefits to help improve the understanding of fetal cardiac anomalies.
